The process of gluconeogenesis in ruminants is under the direct influence of insulin and glucocorticoid hormones. The goal of this study was to determine the effects of added Napropionate on the neuroendocrine regulation of blood glucose in calves at three specific physiological periods: on exclusive milk nutrition; on mixed milk and forage nutrition; and with established ruminant digestion.
In ruminants, most glucose is supplied by gluconeogenesis, and homeostasis of glucose is considered to be an essential factor of the metabolic status affecting the performance of dairy calves. It is a well-known fact that gluconeogenesis in ruminants is under the direct influence of glucocorticoid hormones. Significant rise in cortisol concentration with subsequent dose-depended increase of glucose and insulin contents were recorded shortly after i.v. administration of propionate to dairy cows (Bradford et al. 2006) . Gluconeogenesis in suckling (pre-ruminating) calves shows many similarities to that in monogastric species (Leat 1970) . As the weaning period approaches, phylogenetic features of carbohydrate metabolism that prepare them for later life (e.g., a high capacity for gluconeogenesis from propionate and a relatively low suppressive action of insulin on gluconeogenesis) are much more expressed (Hostettler-Allen et al. 1994; Donkin and Armentano 1995) . After they start to ingest fibre carbohydrates from feed, propionate stimulates glucose synthesis and insulin assumes the primary role in the neuroendocrine regulation of glycaemia (Radojicic et al. 2007) .
Propionate is the most abundant (15-40% of total ruminally released organic acids) and by far the most substantial substrate for gluconeogenesis in ruminants (Reynolds et al. 1998; Overton et al. 2004; Larsen and Kristensen 2009) . In terms of the hepatic uptake, propionate is quantitatively the most important source of C3 carbon (60-74%) for hepatic gluconeogenesis. Intraruminal infusion of propionate after a meal in cows increased intracellular energy status with no adverse effect on the capacity of gluconeogenesis in the liver (Oba and Allen 2003) . Johnson et al. (1982) examined the effect of glucose and propionate administered orally on the concentration of insulin in calves aged up to 38 days. The strongest effect of propionate administration was manifested in newborn calves where high concentrations of insulin were maintained significantly longer compared to those recorded in 7-and 14-day-old calves. Djokovic et al. (2007) examined the influence of propionate as a dietary energy source in prevention of ketosis in dairy cows, and its role in the metabolism of some hormones. Gorka et al. (2009) concluded that dietary supplementation of sodium butyrate had a positive influence on rumen development and health status of newborn calves in the first weeks of life. It induces better health and animal performances around the weaning period. Supplementation of sodium butyrate seems to have both direct and indirect effects on the development of forestomach, abomasum and small intestine. Nazari et al. (2012) examined the impact of calcium butyrate in the milk replacer on the concentration of glucose, insulin and cortisol in calves aged 1, 12, 24, 36, and 48 days. The authors found that there was a significant increase in blood glucose and insulin concentrations, and a decrease of cortisol concentrations in all experimental periods, except the first day.
The aim of this study was to determine the effect of exogenously added Na-propionate on the neuroendocrine regulation of blood glucose in calves at three specific physiological periods: on exclusive milk nutrition (15 days old); mixed milk and forage nutrition (2 months old); and with established ruminant digestion (4 months old).
Materials and Methods

Experimental animals
The influence of exogenous Na-propionate on blood glucose, insulin and cortisol concentrations was examined in the same 20 female Holstein calves at the different stages of forestomach development (15 days, 2 months and 4 months of age of calves). When the selected calves were 15 days old, they were fed solely milk diet in two equal rations. Two-month-old calves were beside dairy meal also fed roughage and concentrate ad libitum. Calves aged 4 months were given only bulky and concentrated feed ad libitum.
Na-propionate loading test
Na-propionate loading test was performed at three time periods: when the calves were aged 15 days, 2 months, and 4 months. Prior to testing, selected calves (n = 20) were divided into two equal groups. Group 1 of calves (n = 10) was intravenously (i.v.) administered a sterile solution of 1.84 molar Na-propionate at the dose of 1 ml per kg body weight. Group 2 of calves (n = 10) received Na-propionate per os (p.o.) mixed in milk (5 g/calf). The Na-propionate loading test was repeated in the same groups of calves in an identical manner when the calves were 2 and 4 months old. All tests were performed always at the same time of day, around 10:00 h.
Blood sampling and determination of glucose, insulin and cortical levels
Blood samples were taken by puncture of vena jugularis prior, 1, and 3 h after the administration of Napropionate. Blood glucose concentration was determined using commercial test strips (Precision Xceed ® , Abbott, USA). Cortisol and insulin concentrations in blood serum were determined using specific radioimmunoassay (RIA kit) Cortisol-RIA kit and Insulin-RIA kit as per instructions of the producer, th Institute for the Application of Nuclear Energy (INEP, Belgrade-Zemun, Serbia).
Statistical analysis
Variables used for descriptive statistics were the following: arithmetic mean, standard deviation, standard error, variation interval, and coefficient of variation. In order to test significant differences between investigated treatments multifactorial ANOVA was used. For individual comparisons of significant differences Tukey test was used. Data analyses were performed using PASW Statistics 18 and MS Excel.
Results
The baseline values for blood glucose concentration were the highest in calves aged 15 days and the lowest in 4-month-old calves (Table 1) . After i.v. application of Na-propionate, a significant increase (P < 0.05) in blood glucose concentration was observed only in calves aged 2 and 4 months, 1 h after administration.
The baseline values for insulin concentration were the highest in 2 month-old-calves (Table 2) . Orally administered Na-propionate led to a significant increase (P < 0.01) of insulin concentration in calves aged 15 days, 1 and 3 h after administration. (n = 10) 5 g in powder mixed by milk, p.o.
(n = 10) ± SD 7.68 ± 0.95 6.63 ± 1.29 5.25 ± 0.69 T0 -time before application, T1 -1 h after application, T3 -3 h after application P < 0.01 (a, b, c); P < 0.05 (A, B, C) T0 -time before application, T1 -1 h after application, T3 -3 h after application P < 0.01 (a, b, c);
In 2-month-old calves blood insulin concentration was significantly higher (P < 0.01) 1 and 3 h after i.v. application, and also 3 h after oral administration (Fig. 2) . The baseline concentration of cortisol showed the lowest values in 4-month-old calves (Table 3) . Following i.v. administration of Na-propionate a significant increase in the cortisol concentration (P < 0.01) occurred 1 h after application in each selected calf and in all testing periods. Except for the 4-month-old calves where cortisol concentration was significantly higher (P < 0.01), in all experimental calves blood cortisol returned to values near baseline 3 h after p.o. administration of Na-propionate.
Discussion
The aim of this work was to test the influence of exogenous Na-propionate on the concentrations of blood glucose and hormones responsible for glycaemic control, especially in young animals at life stages when they are not yet formed as ruminants (Gončarova 1988; Silke 1989; Radojicic et al. 2007 ).
Our results showed that baseline levels for blood glucose in 15-day-old, 2-month-old, and 4-month-old calves were 8.92 ± 3.35 mol/l; 8.08 ± 1.56 and 3.89 ± 0.69, respectively. These values are in accordance with results from similar investigations by Stamatović et al. (1984) and Radojičić et al. (2007) . One hour after i.v. administration, Na-propionate led to a significant increment in blood glucose concentrations in 2-and 4-month-old calves. These results are in agreement with the findings of Nazari et al. (2012) . Results of different studies point out the fact that non-esterified fatty acids (NEFA) in calves stimulate the insulin secretion from B cells of the endocrine pancreas, therefore, their role in glucose synthesis is fundamental (Johnson et al. 1982; Radojicic et al. 2007) .
Our results showed the highest baseline levels for blood insulin in 2-month-old calves. In these calves insulin concentration increased significantly 1 and 3 h after i.v. and 3 h after p.o. administration of Na-propionate. This could be interpreted by the fact that propionate influences insulinaemia even in the suckling calves (Nikolić et al. 1996) . Nazari et al. The observed increase could be explained by the particularity of the NEFA effect on rumen development in calves (Hammon et al. 2002; Gorka et al. 2009 ). Cortisol concentration reaches peak values in newborn calves but significantly decreases with the age (Goncarova 1988; Silke 1989; Radojicic et al. 2007; Nazari et al. 2012) . Our experiment resulted in a significant increase of cortisol in calves 1 h after i.v. applicaton of Na-propionate in each investigated period. However, oral administration of Na-propionate resulted in a rise of blood cortisol only in 4-month-old calves, i.e. in the ontogenetic period when calves start to assume traits characteristic of ruminant digestion physiology. In contrast, Nazari et al. (2012) did not find cortisol increment after oral administration of Ca-butyrate to 1-, 12-, 24-, 36-and 48-day-old calves.
Our results showed that 1 h after i.v. administration Na-propionate led to: an increase of blood glucose in 2-and 4-month-old calves; an increase of insulin in 2-month-old calves; and an increase of cortisol in calves in each investigated period. After p.o. administration, Na-propionate caused an increase of insulin in 15-day-old and 2-month-old calves, and an increase of cortisol only in 4-month-old calves. This study also confirmed that Napropionate in addition to glucose is an important factor in the regulation of B-cell activity of the endocrine pancreas. Based on these results it could be assumed that i.v. and p.o. administration of Na-propionate affects the neuroendocrine regulation of glycaemia in calves of different ages.
